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Background
For a century, incandescent standard lamps have been used by national metrology institutes (NMIs) and other laboratories as the reference light sources [CIE 2002] in calibrations of V(λ)filtered illuminance and luminance meters [ISO/CIE 2014] , integrating sphere photometers and goniophotometers. Many laboratories rely on source-based photometric scales that have been established using a large number of standard lamps with well-known ageing characteristics. Many of these scientific grade light sources were developed and manufactured by companies who produced tungsten filament lamps among other lighting products for the consumer market. Phasing out of consumer tungsten filament lamps may have a great influence on the availability of scientific grade incandescent lamps in the future. Therefore, it is important to investigate alternative technologies as well as requirements for manufacturing new scientific grade standard lamps for maintenance and transfer of the units of luminous intensity and luminous flux between laboratories, and for international key-comparisons in photometry.
Methods and results

LED illuminants and reference spectrum
The new LED-based photometric system requires a new LED reference spectrum for calibration use, similar to the CIE Standard Illuminant A that is used as the reference spectrum for incandescent calibration sources in luminous responsivity calibrations of photometers [CIE 2004] . Calibrating a photometer against LED calibration source with a commonly agreed spectrum will lead to reduced spectral mismatch errors, if the photometer is used for measuring similar type of light. Currently, photometers used in laboratories and in the field are calibrated using the CIE Standard Illuminant A spectrum, although more and more LED light is measured. As in the case of Standard Illuminant A, it is beneficial to link the reference spectrum between photometry and colorimetry, to enable colorimetric calculations with the spectrum used for calibration of photometers for general light measurements.
The research started by investigating representative LED spectra and possible new LED illuminants. A total of 1500 spectral power distributions of white LED products were measured and collected from the project partners and stakeholders for the development of new LED illuminants. The white LED spectra that were based on phosphor-converted blue LEDs (BL) were categorised according to their correlated colour temperatures (CCTs) into 8 different bins between 2700 K and 6500 K according to standard ANSI C78.377-2011. In addition, 4 special shapes including red, green, blue (RGB), phosphor-converted blue LEDs with red LEDs (hybrid) and phosphor-converted ultraviolet LEDs (VLED) were chosen as potential LED illuminants for colorimetry. The analysis of the LED illuminants has been described in [JOST et al. 2017 ]. The spectral data were shared with CIE TC1-85 to give input on the Technical Report CIE15: Colorimetry, 4 th edition [CIE 2018 ]. The LED illuminants developed in the project are shown in Figure 1 . In order to identify the optimal spectral power distribution of an LED source for calibration use, extensive spectral mismatch analysis was carried out using a Monte Carlo simulation, calculating spectral mismatch errors for the measurements of the 1500 LED products with spectral responsivity data of over 100 photometers, using the phosphor converted white LED illuminants as the potential reference spectra [Kokka 2018 ]. The results show that a single LED reference spectrum with CCT close to 4100 K would lead to the smallest mean of absolute errors (MAE) in spectral mismatch, when measuring LED products of different types, reducing spectral errors by a factor of two on average compared to using an incandescent source with the CIE Standard Illuminant A spectrum for calibration of the photometers (Figure 2 , left). Using two LED reference spectra would reduce the spectral mismatch errors by a factor of three on average. However, in practical light measurements this would require the end-user to select one of the calibration factors available for example based on estimating the CCT of light being measured. Without carrying a spectrometer, the user would inevitably make selection errors of the calibration factor, losing the theoretical benefit offered by the two reference spectra. This was verified by simulations. Using two reference spectra was discarded at the end, as it did not considerably reduce the spectral errors in practice and would lead to increased complexity and cost of calibrations and measurements. Further tests with the 4103 K LED reference spectrum showed that it led to the smallest spectral errors also in the case of measuring sources other than LEDs, including daylight (C,D), fluorescent (FL) and high-pressure (HP) discharge lamps (Figure 2, right) . For this purpose, the illuminants of [CIE 2004 ] were used. The calibration source with 4103 K LED reference spectrum performed best in all cases, except when measuring incandescent light (A) and one type of HP discharge lamp. The detailed results of this spectral analysis have been published in [Kokka 2018] . A proposal for an alternative calculation method for the general mismatch index f1', including influence of LED spectra in combination with broadband spectra, has been studied and reported in [FERRERO et. al. 2018] .
LED standard lamps
The project has developed new LED standard lamps for luminous intensity and luminous flux, using the LED reference spectrum for selecting the LEDs (Figure 3) . 
Unfiltered measurement of white LED illuminance
The luminous intensity comparison of the project is using, for the first time, a new measurement method, in which the illuminance of the LED standard lamp is measured using unfiltered Predictable Quantum Efficient Detectors (PQEDs) or detectors built using Hamamatsu silicon photodiodes. Both types of detectors are operated with precision apertures, while nitrogen flow through the detectors prevents contamination of the photodiodes. The photometric weighing is obtained numerically by accurate spectral measurement of the LED standard lamp. For this purpose, fully characterised scanning double-monochromator spectroradiometers and array spectroradiometers are used. The unfiltered measurement method is made possible by the naturally bandwidth-limited spectral emission of white LEDs. In the case of the PQED, the method enables measurement of the luminous intensity LED standard lamp directly with a primary standard of optical power. The method is aimed at NMIs for calibration of luminous intensity of LED standard lamps, and for illuminance responsivity of V(λ)-filtered photometers, integrating sphere photometers and goniophotometers. In addition to the luminous intensity comparison, the unfiltered measurement method is used for the calibration of total luminous flux of the new luminous flux standard lamps, in which the PQED is used for measuring the illuminance of one of the LIS-A standard lamps operated as an external source of the absolute integrating sphere method [Ohno 1998 ].
Figure 4 -Illuminance measurement of the luminous intensity LED standard lamp LIS-A using unfiltered Predictable Quantum Efficient Detector (PQED) with nitrogen flow.
Fisheye camera method for integrating spheres
The project has developed a fast and reliable fisheye camera method for measuring the angular intensity distribution of light sources using a fisheye camera attached to a port of an integrating sphere ( Figure 5 ). The method is primarily aimed at test laboratories for determining spatial nonuniformity correction factors in luminous flux measurements of lighting products, such as LED lamps. Traditionally, applying spatial corrections has required time-consuming goniophotometric measurements. The new method has been validated with 8 integrating sphere photometers and 6 LED lamps, whose angular intensity distributions were measured with 5 goniophotometers for comparison. On average, the relative deviation between the fisheye camera method and goniophotometer method in determining spatial corrections for the artefacts tested was only 0.05 %. The fisheye camera method has been described in [Kokka 2017 ] and the results of the validation with several measurement facilities in [Kokka 2019 ]. Figure 5 shows a photograph taken with a fisheye camera through a port of an integrating sphere illuminated by an LED lamp under test and the resolved angular intensity distribution of that lamp. The spatial correction factor is calculated using the scanned spatial non-uniformity map of the sphere, a reference image captured for a lamp with known angular intensity distribution, and an image captured for the light source under test. Measuring the angular intensity distribution and spatial nonuniformity correction for a light source takes only a couple of seconds to complete. Another advantage of the measurement method is that it is insensitive to the temporal stability of most light sources, further reducing the time required for the measurements.
Conclusions
This project has been a unique opportunity, with its partners, collaborators and cooperation with CIE, to carry out scientific research on the fundamental concepts of new LED photometry, including new LED illuminants, LED reference spectrum, LED standard lamps and novel measurement methods that support the specific properties of LED light sources. Current results of the project show that, in the future, photometric calibrations can be carried out using LED standard lamps. The new calibration methods and reference lamp technology solve the potential issue of the current photometric standard lamp types disappearing from the market. The new LED standard lamps provide several advantages, such as improved stability, longer lifetime, robustness for transport and comparisons, as well as reduced spectral errors in measurements of not only LEDs, but other light types as well, including daylight and fluorescent light. The preliminary results of the two photometric comparisons, and experience gained with the new LED standard lamps and measurement methods will be presented in the conference.
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